A linear profiling protocol was introduced in 2013 at tests for 3-year-old Swedish Warmblood horses. In this protocol, traits are subjectively described on a ninepoint linear scale from one biological extreme to the other. This complements the traditional scoring where horses are evaluated in relation to the breeding objective. This study aimed to investigate the suitability of the linear information for genetic evaluation. Data on 22 conformation traits, 17 movement traits, 14 jumping traits and one temperament trait from 3,410 horses tested between 2013 and 2016 were analysed using an animal model. For conformation traits, the heritabilities ranged from 0.10 for description of hock joint from behind to 0.52 for shape of the neck. For movement traits, the highest heritability (0.54) was estimated for elasticity in trot and the lowest (0.08) for energy in walk. The heritabilities for jumping traits ranged from 0.05 for the ability to focus on the assignment to 0.57 for scope. Genetic correlations between linear traits and corresponding traditionally scored traits were strong (À0.37 to in many cases <À0.9). The results show that the linear information is suitable for genetic evaluation and can be a useful tool for breeders.
| INTRODUCTION
The majority of Warmblood sport horse breeding organisations aim to produce horses for sport performance on international level (Koenen, Aldridge, & Philipsson, 2004) . Sport performances at high level are achieved rather late in life and have relatively low heritabilities. Selection is therefore often based on young horse information from age-class competitions and/or results from special designed young horse tests that serve as indicator traits (Ricard, Bruns, & Cunningham, 2000; Thor en Hellsten et al., 2006) . These traits have been shown to have moderate to high heritabilities and strong correlations with later competition performance (Thor en Hellsten et al., 2006) . The traditional assessment of conformation and performance of young horses is often based on subjective evaluation according to breeding objective (Duensing, Stock, & Krieter, 2014) . To increase the objectivity and quality of phenotype recording, linear profiling of horses has become increasingly important among European Warmblood studbooks. In linear profiling, the horse is described for a range of separate traits on a linear scale from one biological extreme to the other.
The Royal Dutch Warmblood (KWPN) introduced a linear descriptive scoring system already in 1989 (Koenen, van Veldhuizen, & Brascamp, 1995) , which has been a source of inspiration for other studbooks introducing linear profiling in the more recent years (Duensing et al., 2014) . The Warmblood horse breeding is international, and transparency enabling similar trait definitions is needed for optimal use of the linear data across studbooks as suggested in a recent review by Duensing et al. (2014) . At a seminar arranged by Interstallion in 2011, an international working group on linear profiling with representatives from different studbooks was formed (Interstallion, 2011) . Since then, the group has had annual international workshops discussing trait definitions and implementation issues.
Heritability estimates of linear traits in Warmblood horses have been reported to range between 0.02 and 0.77 for conformation traits, between 0.12 and 0.52 for movement traits, and between 0.22 and 0.37 for jumping traits (Duensing et al., 2014) . The large interval for conformation traits can partly be explained by the various natures of traits, but it should also be noted that some of the most extreme values were estimated with high standard errors. Most heritability estimates for conformation traits were in the range from 0.1 to 0.5.
Young horse testing has been introduced for Swedish Warmblood horses (SWB) in the early 1970s. About 40% of all 3-year-olds, and one-third of all 4-year-olds, participate in young horse tests (Viklund, Thor en Hellsten, N€ asholm, Strandberg, & Philipsson, 2008) . The traditionally scoring system is subjective and qualitative where the horses are evaluated relative to the breeding objective. The 3-year-old horses are evaluated for conformation, movements and jumping ability at hand and free, and 4-year-old horses (and 5-year-old brood mares) are also evaluated under rider. The evaluating scores are included in the annual estimation of breeding values (BV) together with competition data (Viklund, N€ asholm, Strandberg, & Philipsson, 2010) . In 2013, a linear profiling protocol was introduced at performance tests for 3-year-old SWB horses as a complement to the traditional scoring (Thor en Hellsten, 2011). The more objective information from the protocols is believed to give a more complete picture of the horse and point out specific characteristics that can be valuable in selection of breeding animals and in matching stallions and mares.
The aim of this study was to investigate the suitability of the linear traits for genetic evaluation of SWB by estimating genetic parameters for the traits and genetic correlations between linear and traditional evaluating traits assessed at test for 3-year-old horses.
| MATERIALS AND METHODS

| Data
Data from 3,410 3-year-old horses (1,758 mares, 549 stallions and 1,103 geldings) tested between 2013 and 2016 were provided by SWB. That corresponds to 32% of SWB horses born from 2010 to 2013. Each horse was only allowed to participate once in the test. The young horse tests were carried out in springtime (April-June) at approximately 25 different events each year. Horses were judged jointly by teams of two persons: one expert in conformation and movements and one expert in jumping. The horses were shown at hand for conformation and movement traits, and for canter and jumping they were shown free. The linear protocols consisted of 54 traits in total, including 22 conformation traits, 17 movement traits, 14 jumping traits and one temperament trait. Between 2013 and 2014, three traits were added and three traits changed definition. Each trait was recorded on a nine-point linear scale from A to I, where the score E reflected the average of the population and the scores A and I described the biological extremes. The judges used paper protocols for documentation in the field. These protocols were digitalized manually afterwards, and the letters were transformed into numeric values 1-9 to enable statistical analyses. In a few protocols, recordings for some linear traits were missing and the number of observations for each trait is presented in Tables 1-3. For linear traits, the mean scores ranged from 4.62 to 5.21, that is close to 5 that should represent population average (E) according to the scale definition (Tables 1-3 ). All horses received traditional evaluating scores for eight traits: type, head-neck-body, correctness of legs, walk at hand, trot at hand, free canter, jumping technique and temperament in jumping. These traits were subjectively scored between 1 (very poor) and 10 (excellent) according to the breeding goal. Mean scores ranged from 6.94 to 7.84 for the evaluating traits. Many traits showed an almost normal distribution, for example scope (Figure 1) . For a few traits, a small range of linear scores was used, for example for size of hoofs, and for some traits the distribution was more skewed, for example for front leg jumping technique (Figure 1) . For jumping traits, a wider range of scores on the linear scale had been used by the judges than for conformation and movement traits. The same was seen for evaluating scores where the judges had used the scores from 1 to 10 for jumping and from 4 to 10 for conformation and gaits (Table 4) .
| Genetic analysis
An analysis of variances was performed using the GLM procedure in SAS (Statistical Analysis Systems Institute, 2015) . The fixed effects of event (place-date) and sex were significant for the majority of traits, which were in accordance with earlier results (Viklund et al., 2008) . Inclusion of event in the model takes into account the variation among judges and testing conditions. In the genetic analyses, the following linear animal model was used:
where y ijk is the score of each trait for the kth horse; l is the population mean; event i is the fixed effect of the ith combination of place and date of test (i = 1, .., 97); sex j is VIKLUND AND ERIKSSON | 63 the fixed effect of the jth sex (j = stallion, gelding, mare); animal k is the random effect of the kth horse~ND(0, Ar 2 a ); and e ijk is the random~IND(0, r 2 e ) residual effect.
The specific number of horses differed between the traits and is given in Tables 1-4. The pedigree file provided by SWB included 265,186 horses. Pedigree completeness was quantified by computing a pedigree index (PEC) for five ancestral generations as described by MacCluer et al. (1983) . Horses included in this study had a high average pedigree completeness (PEC value of 0.99). Genetic parameters and BV were estimated by using the average information algorithm (Jensen, M€ antysaari, Madsen, & Thompson, 1997) for restricted maximum likelihood included in the DMU package (Jensen & Madsen, 1994; Madsen & Jensen, 2013) . Estimated heritabilities, additive genetic and residual variances were derived from univariate analyses. Genetic and phenotypic correlations between linear and evaluating traits were estimated in bivariate analyses. All analyses met a convergence criterion for norm of the update vector of <10 À7 , except for seven bivariate analyses where the genetic correlation was close to unity. These analyses met the convergence criterion for the norm vector of <10 À5 (Tables 10   and 11 ).
| RESULTS
The estimated heritabilities for linear conformation traits ranged from 0.10 (hind leg: cow hocked-bowlegged) to 0.52 (shape of neck: arched-straight) (Table 5) . Overall, genetic variances and heritabilities for traits describing conformation of legs were lower than for traits describing body shape. Heritabilities for movement traits ranged from 0.08 (energy in walk: hurried-slow) to 0.54 (elasticity in trot: elastic-inelastic) ( Table 6 ). The traits in trot showed higher heritabilities than traits in walk and canter. For free jumping traits, the heritabilities were estimated between 0.05 (approach to assignment: focused-unfocused) and 0.57 (scope: much-little) ( Table 7) . Heritabilities for the more detailed jumping traits for take-off and technique were higher than the heritabilities for the jumping overall traits related to personality, behaviour and balance. All heritability estimates for the linear traits were significant except for the traits that were recorded in 2013 only (pastern: upright-weak, action in canter: powerful-weak, attitude in jumping: positive-negative) and two jumping traits (approach to assignment: focused-unfocused and balance: balanced-unbalanced). For the evaluating traits, the heritabilities were high (0.42-0.81) except for correctness of legs (0.09) ( Table 8 ). Standard errors of estimated variance components were on similar level for traditional evaluating traits and related linear traits, with the exception of show jumping traits where they were higher for the evaluating traits. Genetic and phenotypic correlations between linear conformation traits and the evaluating traits for type, headneck-body and correctness of legs are presented in Table 9 . Almost all were negative (À0.91 to 0.14), meaning that horses assessed with a linear score closer to A than I, were rewarded with a higher evaluating score by the judges. The strongest genetic correlations were estimated between the evaluating score for type and the linearly described body direction (uphill-downhill) (À0.91) and body shape (long legged-short legged) (À0.83). For some linear traits, for example loins (long-short), shape of croup (slopingstraight) and pastern (upright-weak), the correlations with the corresponding evaluating scores (head-neck-body and correctness of legs) were close to zero.
Very strong genetic correlations were estimated (À0.99 to À0.37) between linear movement traits and the evaluating scores for walk, trot and canter; the absolute values of 14 out of 18 correlations were stronger than 0.8 (Table 10 ). The phenotypic correlations followed the genetic correlations at a lower, but still high level. Most linear jumping traits were very strongly genetically correlated with the evaluating scores for jumping technique, and temperament and general impression in jumping (À1.00 to À0.43) (Table 11) .
In Figure 2 , estimated BV for one linear trait and one evaluating trait are plotted against each other for the tested horses. For the linear conformation trait, foreleg (toed intoed out) horses with BV towards either of the extreme values on the linear scale had low BV for the evaluating trait correctness of legs. For canter and jumping, the relationship was linear, and horses with a BV towards more 4 | DISCUSSION
| Scoring system
The judges were trained before the introduction of the linear profiling protocol for SWB to get familiar with the detailed protocols and to reach harmonization in judging. This is of importance for the quality of the assessments.
During the 4 years of data collection, the entire scale (A-I) had only been used for three jumping traits: Power in takeoff (powerful-weak), Quickness in take-off (quick-slow) and Care (too careful-not careful). Overall, the standard deviations in the present study were lowest for conformation traits and highest for jumping traits. Possible explanations are that judges representing different disciplines use the scale somewhat differently (Viklund et al., 2008) and that there is a larger genetic variation in jumping compared to conformation and movements among the tested horses. In the young horse tests in Sweden, all horses are tested the same way, regardless of what they are intended for. Horses of both disciplines need to have reasonable correct movements, while dressage horses do not need to have good qualities in jumping. There were also larger residual variances for jumping traits, reflecting that this assessment probably is more influenced by the surrounding environment.
Even though the judges were trained before the introduction, they were unexperienced during the first years of recording and different judging teams may have used Van Bergen & van Arendonk, 1993) . The horses in this study were assessed by judging teams, and the teams were not consistent between test occasions. Even though there was one judge for conformation and movements and one for jumping, the judges discussed the horses together and influenced each other. The judges were rotating and were not allowed to judge at the same location and together with the same judging partner several times. However, at each specific test occasion the combination of judges was the same. It would thus be difficult to separate the effect of judging team and other conditions at specific test occasions, but these were jointly accounted for by including the effect of event, defined as the combination of test location and date of test in the statistical model.
| Genetic parameters
The estimated heritabilities for linear traits were low to moderate and in good agreement with estimates for other Warmblood horse breeds (Duensing et al., 2014) . For most traits, the heritability was estimated with relatively low standard errors and was sufficiently high for the trait to be useful in selection. Even though low heritabilities were estimated for leg conformation (average 0.17, range 0.10-0.27), they were still higher than the heritability for the evaluating score correctness of legs (0.09). The traditional evaluating score for correctness of legs summarizes several different traits and does not take into account the direction of deviations, such as if the hind legs are sickled or straight. The linear scoring will give the horse breeder more detailed information that can be valuable when decisions about training and breeding with the individual horse are made. As Duensing et al. (2014) pointed out, linear scoring has the greatest potential to increase the genetic gain for leg conformation. In the present study, the full scale was used in estimation of variance components. However, linear traits with a natural optimum in the middle of the scale, such as toed in-toed out, could alternatively be divided into two traits describing degree of deviation in different directions from the optimum.
For performance traits such as movement and jumping traits, the heritabilities for linear scores were estimated at a lower level than for corresponding evaluating scores. Ducro et al. (2007) found the same in their study of data from studbook entry inspection. However, the estimated heritabilities for the traditional evaluating scores in this study were at a higher level compared to earlier analyses (Viklund et al., 2008) . For trot at hand and jumping technique and ability, the heritabilities reached higher than expected values (0.81 and 0.57), and more reasonable estimates may be achieved with a higher number of tested horses. However, the increase in heritabilities may partly be explained by an improved assessment by the judges. It may be that after the structured completion of the linear protocol, they get a clearer picture of the horse as a base for the evaluating score. If so, the introduction of the linear protocol may also improve the traditional evaluating scoring. Still, it is important to evaluate the horse as a functional individual, not only as different parts, so the assessments complement each other.
The strong genetic correlations between linear and evaluating scores for movements and jumping are in agreement with the study by Ducro et al. (2007) . The slightly higher correlations in the present study may be explained by that there were three separate evaluating scores for each of the gaits walk, trot and canter, and two evaluating scores for jumping, while in the study by Ducro et al. (2007) the descriptive linear scores were correlated to one overall F I G U R E 2 Estimated breeding values (BV) for tested 3-year-old horses for linear traits and evaluating scored traits for a: foreleg (toed in-toed out) and correctness of legs; b: elasticity in canter (elasticinelastic) and canter; c: scope (much-little) and jumping technique subjective score for movement and jumping, respectively. The strong genetic correlations, in many cases close to unity, indicate that the optimum for the linear scores for movements and jumping is shifted to one end of the linear scale, for example very elastic gait or very much scope is sought for. The genetic correlations between linear and evaluating scores for conformation varied more, indicating a more centred optimum on the linear scale where normal hock angles are more favoured than sickled or straight hocks for example. The difference in optimum for three examples of linear traits was clearly visible when plotting BVs for linear and evaluating score against each other (Figure 2) . No official optimum has been stated for the linear traits in SWB. There is a risk that if an optimum would be expressed, it may turn the objective linear assessment into an evaluating assessment. For some traits, the optimum score appears to be more easily agreed on than for others, as exemplified by leg conformation above. However, the descriptions of the gait and jumping traits are more related to judgement than some of the conformation traits due to trait definitions, with optima close to or at one of the extremes. A powerful take-off will be considered better than a weak take-off, and an elastic trot will be considered better than an inelastic trot.
| Implications and future studies
The linear profiling protocol shows potential to be useful in genetic evaluation and selection of breeding animals in order to achieve desired genetic change. Early in 2017, BVs for the linear traits were published for SWB stallions with at least ten evaluated offspring at www.blup.se. The BVs were well accepted by the breeders that found them useful when matching stallion to their mare. Next step will be to also publish BVs for all evaluated mares. From 2014, linear profiling is conducted at all foal shows, young horse tests and stallion tests, adding more information for future genetic evaluation. However, for traits where the genetic correlation with the evaluating score is close to unity and the heritability is of similar size, the gain from using BVs for linear traits instead of evaluating traits would be small.
In the coming years, many of the horses in this study will have entered the sport, and genetic correlations between linear traits and competition performance will be estimable within SWB. This will give more knowledge about which characteristics are important for a successful sport horse. Earlier studies showed that some linear conformation traits were correlated with competition performance in dressage and show jumping (Holmstr€ om, Magnusson, & Philipsson, 1990; Koenen et al., 1995) . Ducro et al. (2007) found moderate to strong correlations between linearly described jumping traits and show jumping performance (0.52-0.88), and between linear traits for trot (stride, elasticity, impulsion and carriage) and dressage performance (0.59-0.67).
As the linear traits are descriptive and not evaluating, different studbooks can assess the same traits in their breeds. The independence of linear profiling from the breeding goal facilitates comparisons and possible joined use of data. One pilot project of international cooperation between SWB and the Oldenburg breeding association has been initiated (Sperrle, Viklund, Thor en-Hellsten, SchulzeSchleppinghoff, & Stock, 2016) . Preliminary results showed moderate to high correlations between BVs for corresponding linear traits in the two studbooks.
The detailed linear traits can also be useful in genomic studies. Eriksson, Viklund, and Mikko (2016) genotyped 380 SWB horses that had linear profiles to identify genomic regions associated with these test traits. Associations were found for several traits and will be followed up in further studies. Together with the possibility to merge detailed and informative linear data from different studbooks as shown by Sperrle et al. (2016) , it indicates that linear traits can be useful for future collaborations aiming at implementation of genomic selection in sport horses.
| CONCLUSIONS
The SWB linear profiling data are a good complement to the traditionally evaluating scores for conformation, movements and jumping, and give breeders detailed information about their horses. The data are suitable for genetic evaluation, and BVs for linear traits can become a useful tool for a higher precision in breeding and to follow up the genetic trend in the SWB population.
